Abstract This paper studied the adequacy of the World and China lithium resources, considering the most promising uses in the future, involving nuclear fusion and electric-vehicles. The lithium recycle model for D-T fusion power plant and electric-vehicles, and the logistic growth prediction model of the primary energy for the World and China were constructed. Based on these models, preliminary evaluation of lithium resources adequacy of the World and China for D-T fusion reactors was presented under certain assumptions. Results show that: a. The world terrestrial reserves of lithium seems too limited to support a significant D-T power program, but the lithium reserves of China are relatively abundant, compared with the world case. b. The lithium resources contained in the oceans can be called the "permanent" energy. c. The change in 6 Li enrichment has no obvious effect on the availability period of the lithium resources using FDS-II (Liquid Pb-17 Li breeder blanket) type of reactors, but it has a stronger effect when PPCS-B (Solid Li4 SiO4 ceramics breeder blanket) is used.
Introduction
During the last two centuries, the world energy demand growth is exploding. Since 1885 the world energy production has increased 20 times and since 1900 it has also risen 10 times [1] . Even the consideration of a relative short time span between 1990 and 2002 reveals a clear rising of world consumption of primary energy from app. 360×10
18 J up to 430×10 18 J, equivalent to an increase of nearly 20% [2] . Today 80 percent of the world energy need is provided by fossil fuels [3] . But the coal, oil and natural gas inventory in the continent is very limited. A recent study estimates that the longterm availability of coal will last another 200 years [2] , while natural gas will last nearly 66 years [2] , Proven oil reserves will last only 20∼40 years [3] , according to the current consumption situation.
Depletion of fossil resources and its negative side effects on the environment may well force mankind to switch to alternative energy sources in the future. D-T fusion is considered as an important component in the future energy mix, proposed to satisfy both the energy demand increase and the requirement of environment protection summarized by the sustainable development concept. The fuel cycle for the D-T concept requires consumption of deuterium and lithium, it is important to consider the availability of sufficient lithium resources, which might affect the D-T fusion reactor commercialization process. In earlier papers, the question of lithium supplies for D-T fusion was covered in a rather cursory manner by mentioning, for example, that there are "ample" reserves in nature. The issue of long-term availability of lithium was considered here, taking into account the fusion and electric-vehicles. This paper constructed the lithium recycle model for D-T fusion power plant and electric-vehicles, and the logistic growth prediction model of the primary energy for the World and China. Based on these models, this paper studied the adequacy of world lithium resources and drew a conclusion on the adequacy of lithium resources in the World and China.
2 Analysis of demands on lithium resources
Lithium recycling model
For the D-T fusion reactor, The amount of Li needed per reactor will depend upon the lithium flow characteristics in six critical stages, i.e. lithium isotopic enrichment stage, the fusion power plant construction stage, the fusion power plant operation stage, the fusion power plant shutdown phase, the fusion power plant retirement phase and lithium recycling stage. Lithium flow chart for a fusion power plant is shown in Fig. 1 . In the lithium cycle, the mass flowing from the feedstock was conveyed to the enrichment process, where most of 6 Li in nature lithium was enriched out, and the remainder became the enrichment tails. The highly enriched 6 Li was conveyed to the reactor blanket and became the inventories of lithium of power plant in the fusion power plant construction stage. The highly enriched 6 Li in the blanket, a certain percentage of them reacts as 6 Li(n, α)T and 7 Li(n, n'α)T in the operation stage, and the remainder might become the waste in the plant shutdown phase, such as periodical replacement of parts of the blanket due to neutron damage and plant retirement phase in turn. Some of the partially consumed lithium in the waste was recycled and some was permanently lost in lithium recycling stage.
The model shows that the net demand is the lithium both actually burned up by the CTR's and that lost in recycling, while the gross demand is the feedstock. The annual net demand of fusion power plant M Li−net−y , is given by
where M Li−r−y and M Li−re−y are respectively the annual consumption in nuclear reactions and the annual loss during lithium recycling stages. The annual consumption, M Li−r−y consists of the annual consumption of 6 Li and that of 7 Li, i.e. M6 Li−r−y and M7 Li−r−y . The annual consumption of 6 Li( 7 Li), M6 Li−r−y (M7 Li−r−y ), is calculated from the weight of a mole 6 Li( 7 Li), A6 Li (A7 Li ), the fusion power P f , the energy released per D-T reaction, E n , the Avogadro number, N A , tritium breeding ratio T BR, the ratio of 6 Li contribution to TBR (refer to Table 4), R6 Li , and the annual operating time in running full power T 0
(3) In a similar way, the annual loss during lithium recycling stages, M Li−re−y , consists of the annual loss of 6 Li and that of 7 Li, i.e. M6 Li−re−y and M7 Li−re−y
where M6 Li−i (M7 Li−i ) is the lithium 6 (lithium 7) inventory, τ the life cycle of the reactor at full power operation, T r the blanket replacement period, T 0 the annual full power operation time, η re the lithium recovery rate.
The lithium 6 (lithium 7) inventory is given by
where E ri is the 6 Li enrichment considered in the calculation, ∇V tritium breeder volume, ρ tritium breeder density, r Li lithium mass ratio in tritium breeder, A Li the weight of a mole for highly enriched, 6 Li, B 1 , B 2 , B 3 . . . the other elements in chemical formula of tritium breeder separately, n Li , n B1 , n B2 , n B3 . . . the number of lithium and other element atoms in chemical formula for tritium breeder, respectively.
The gross lithium demand of fusion plant, M Li−f−y , is finally given by
where η nat (7.42%) is the 6 Li abundance for nature lithium, r e the 6 Li enrichment ration from nature lithiunm, i.e., the share of nature lithium accounted for the 6 Li enriched out, which depends on the development level of enrichment technology. R nat the mass rate of lithium 6 for nature lithium.
For a rechargeable lithium battery used in electricvehicles, the annual net demand of lithium is primarily determined by for critical working procedure [4] , i.e. manufacturing, recycling of old residues, recycling of new residues and reprocessing as schematically described in Fig. 2 . At the beginning of the manufacturing phase, a certain amount of lithium supplied is conveyed to the battery, where the mass flow would not happen during the battery service life, and some of them would become new residues because the lithium was not fully utilized. Part of the lithium in new residues is lost according to utilization factors of new residues, and the other is conveyed to secondary material via collection from the old residues retired, which is awaiting reprocessing.
Fig.2 Lithium recycling for electric vehicles
So, the annual net demand M b is the annual loss, which consists of the annual reprocessing loss, the annual recycling loss for old residues and new residues, and could be given by
Energy requirement model
Some studies on the forecast of energy requirement have been conducted, but they at most forecast the situation in the year of 2100, which does not keep pace with the study on the availability period of the lithium resources, since it might last more than thousands years.
The logistic prediction model of primary energy for the World and China was presented in this paper. Logistic model, usually known as "s curve", is the growth model of world population developed by Belgian mathematician Pierre Verhulst in 1838 [5] . Its mathematic form is given as 
where K, the carrying capacity, i.e. the cap approximation value of N (t) might be derived by analysis of the question studied, and r instantaneous growth rate, a, the integral constant, can be determined by the nonliner least square method. According to the principle of econometrics, as long as the goodness of fit test passed, i.e. the coefficient of determination is more than 80%, the logistic model established can be used [7] .
As seen in Fig. 3 , the increase trend of annual energy comsumption of the World or China showed a slow growth initially and a significant growth later, which is consistent well with the trend of exponential growth of logistic model during the early stage. It is true that the growth of the consumption of primary energy in the World and China does not expand limitlessly due to a variety of environmental factors and population carrying capacity, i.e., there exists a growth limit of the primary energy consumption, which might be given by analysis of annual primary power consumption per capital and the cap approximation value of the population of the World and China. Calendar year statistics [8] show that annual primary energy consumption of most of the eight developed countries or regions has grown flattening since 2000, and the largest primary energy consumption per capital occurs in Canada, about 4.0 × 10 8 Btu (1 Btu=1060 Joules), the second is USA, and the other is between1.5 × 10 8 Btu and 2.0×10
8 Btu (see Fig. 4 ). To make a stronger case for this study, we assume that the maximum of the annual primary power consumption per capital will be 1.5 × 10 8 Btu, a lower level, and 4.0 × 10 8 Btu, a higher level.
In addition, the maximum of the World and China population will respectively be 11 billions and 1.6 billions in future, as predicted by United Nations Conference on Human in 1972 and the project of Chinese land fertility and the population carrying capacity [14] . It is found that the maximum of primary energy consumption in the World and China is (1.74 ∼ 4.64) × 10 21 J and (2.53 ∼ 6.75) × 10 20 J by the product of the maximum of primary energy consumption and the maximum of population of the world and China. The curve fittings for the World and China data [9, 10] are carried out with the non-liner least square method to obtain the parameter values, thus, the consumption of primary energy of world is expressed as
1 + e 7.67−0.029(T −1816) (high demand);
1 + e 7.07−0.032(T −1816) (low demand);
The consumption of primary energy of China is expressed as E = 6.75 × 10
20
1 + e 9.77−0.061(T −1881) (high demand); 
The results show that the coefficient of determination is more than 80%. Thus the logistic model established in this paper could be applied to the predication of primary energy of the World and China.
Analysis and result of lithium demand
Highly abundance of Li 6 would be enriched out as a material required by fusion, the separated enrichment tails can be used instead of natural lithium for most other purposes. Actually, the annual lithium requirement is determined by the enrichment tails of fusion and the lithium requirement of the lithium used for vehicles. If there is more annual lithium enrichment tails of fusion, and the excess part is larger than the requirement of the lithium for vehicles, the annual lithium requirement is the annual gross lithium demand of fusion plant, if not, it is the sum of the annual net demand of fusion power plant and the requirement of the lithium for vehicles.
By comparing the lithium enrichment tails of fusion and the lithium requirement of the lithium for electric vehicles, this paper considered two families of fusion reactor, the liquid metal (FDS-II Table1
[11∼16] ) and solid concept (PPCS-B Table 1 [17∼19] ), and the batteries [4] of improved technology compared to the state-ofthe-art in commercialization based on the models mentioned above. The contribution of Li 6 to T BR as a function of the Li 6 enrichment given for FDS-II and PPCS-B reactor design, is listed in Table 2 , which gives results for four kinds of Li 6 enrichment. The calculation of the contribution of Li 6 to TBR is performed using an integrated multi-functional neutrons calculation and analysis code system: VisualBUS [20, 21] with the Fusion Evaluated Nuclear Data Library (Fendl-2) [22, 23] . The radial dimension of the simplified sphere model based on FDS-II and PPCS-B is adopted, as shown in Tables  5 and 6 . The net metal requirement for four kinds of battery per vehicle and the lithium utilization factors of each phase of battery is presented in Table 3 and  Table 4 , respectively.
The results show that the maximum of annual cumulative requirement of lithium for electric vehicles in the World and China, which was respectively about 7760 tons and 1129 tons, was comparatively much smaller than the minimum of annual lithium enrichment tails estimated for fusion industry (see Table 7 ), i.e. the electric-vehicles would not impede provision of 6 Li for the fusion program, even if the following hypotheses are adopted:
a. The year is 2050. b. The ratio of recycling lithium for PPCS-B is 90%. 
Reserve of lithium resources
When our planet formed from the solar nebula some 5 billion years ago, lithium was among its constituents. Pure lithium is composed of 92.58% [24] 7 Li and 6.42% [24] 6 Li. In the earth's crust (upper 16 km [17] , it can be found to the mean extent of ca. 60 ppm [17] by weight. It is evaluated that the lithium resource in the earth's crust was about 1.320107 billion tons, considering that the total earth's surface area is 510.072 million km 2 [25] , and the average crustal density is 2.7 × 10 6 g/m 3 [26] . The concentration of Li in sea water is 0.17 g/m 3 [24] , while the oceans of the World have a volume of about 1.5×10
18 m 3 [24] . Thus the resource of lithium in water on the earth is estimated to be about 2.55 × 10 11 tons. Resource estimates based on the average crustal or oceans concentration of lithium are the maximum expectation. Some resources can become reserves, which are the quantities of ore minerals located in identified deposits that can be developed profitably at current prices using current available technologies, or reserve base, which is those part of an identified resource that meets specified minimum physical and chemical criteria related to current mining and production practices, but with higher prices or awaiting implementation of new technologies. However, it is quite obvious that not all lithium in the earth's crust and oceans can be fully exploited in the sense that this tonnage number will not totally reach the market.
The US Geological Survey (1999∼2008) estimated the World and China lithium reserves at 4.1∼6.8 Mtons and 0.54∼3.83 Mtons, respectively, and the World and China lithium reserve base at 11∼20 Mtons and 1.1∼5.23 Mtons, respectively.
Up to now, only experimental processes have been tested in order to extract lithium from sea water. A lithium concentration of 60∼70 ppm is the level at which extraction could become an economic process. Under current lithium market conditions, this source is not a viable economic proposition, although without special technical difficulties. However, one estimate has shown that the existing plant for recovering drinking water from sea water could be used not only to separate potassium and magnesium already envisaged but also to remove about 80% of the lithium. Hence, 80% of the total lithium in sea water can be regarded as technically accessible, giving a figure of (1.1 ∼ 2.1)×10
11 Mg, even 1% of which exceeds the maximum estimate for the lithiun contained in the land mass.
Discussion
In this short summary, we present some scenarios, which have brought a lot of attention recently in the viewpoint of the lithium consumption. The hypotheses considered were as follows:
a. It was starting from 2050 year. b. The reactor type was FDS-II (a dual-cooled lithium-lead breeder blanket) and PPCS-B (a heliumcooled pebbles of ceramics breeder blanket), the detailed information of parameters are shown in Table 1 , and the lithium recycling rate considered for PPCS-B was 0%, 70% and 90%.
c. The primary energy demand of the World and China is discussed in section 2, and the contribution of fusion energy to primary energy is respectively 20%, 40%, 60%, 80%, 100%.
d. The maximum of the lithium reserves and reserves base in the World and China was considered, and 80% of the total amount of lithium in the sea was also considered, which could be extracted from sea water by using current available technologies.
The results of assessment (Figs. 5∼ 9) show that the reactor type, the prediction model of primary energy chosen, the ratio of the contribution of fusion energy to primary energy have significant impacts on the availability period of lithium resources. It is demonstrated by the results that, the maximum availability period occurs when the FDS-II reactor type, low primary energy demand model and the contribution of fusion energy to the primary energy of 20%, are chosen; while the minimum occurs when the PPCS-B reactor type and high primary energy demand model, and the contribution of fusion energy to the primary energy of 100% are chosen. According to the maximum and minimum of the availability period of lithium resources, roughly speaking, the present land lithium resources would lead to pessimistic conclusion as could be seen in series of Figs. 5∼8. The reserves of lithium, extracted economically from the earth's crust under current technical conditions, could, for the most, last 250 years, and for the Fig.5 The availability period of the lithium reserves of the world Fig.6 The availability period of the lithium reserves of China Fig.7 The availability period of the lithium reserve base of the World Fig.8 The availability period of the lithium reserve base of China least, be depleted in less than 10 years. Using the value of reserves base, extracted from the earth's crust under current technical conditions, could at most prolong the lithium availability period to 750 years. But the land lithium resources for China was much better compared to the case of World. The reserves and reserve base of lithium in China could last 960 years and 1300 years under the most optimistic condition. Fortunately, the lithium in the sea was quite ample. The usage of 80% of the lithium contained in oceans, which might be recovered by the present technologies, could at least last 120,000 years or so. Fig.9 The availability period of 80% of the total lithium in oceans
Viewed from the availability period of lithium, FDS-II was preferable to PPCS-B under the same conditions. For example, the lithium reserve base of China could last 1313 years for FDS-II, but 1266 years for PPCS-B even if the recycling rate of lithium was assumed to be 90%, when the prediction model of primary energy for low demand was adopted and the contribution of fusion energy to primary energy was 20%. That is mainly caused by the essential difference between solid blanket and liquid blanket. In all fusion power plant designs it was necessary to replace portions of the blanket periodically due to neutron damage. During replacement operations liquid blanket constituents such as Li 17 Pb 83 could be drained and stored for reuse. However, solid fertile and neutron multiplying materials specified in some designs should be replaced along with the structural material since they were also subject to radiation damage. So that lithium of these materials could not be fully recycled. The recycling or disposal of these materials will then be determined by economics and the availability of materials.
In this paper, different assumptions on the recycling efficiency have been made: 0%, 70% and 90%. It was found that for the concept based on solid breeder blanket cooled by helium, the availability period was increased with increasing recycling rate under otherwise the same condition. For example, when the contribution of fusion to primary energy was 20%, the lithium reserves of the world would last only 94 years if the recycling of lithium is not implemented, while it would last 176 years and 231 years for 70% and 90% recycling rate, respectively, i.e. they have risen about two and three times, respectively.
The availability period decreases with increasing enrichment of lithium for both FDS-II and PPCS-B. But, the rate of decrease with the same increase in enrichment was fewer for FDS-II than PPCS-B, as shown in Figs. 5∼9. This arises mainly from the differences in the contribution of 6 Li to T BR between liquid blanket and solid blanket. From Table 4 it can be seen that the contribution of 6 Li to T BR for PPCS-B is bigger than that for FDS-II with the same enrichment. From  Fig. 10 , the growth of the availability period is obviously reduced with the increase in enrichment in the case of PPCS-B, as compared with the case of FDS-II where it changes only slightly. Fig.10 The growth of availability period versus the increase of enrichment
Conclusion
This paper constructed the lithium recycling model for D-T fusion power plant and electric vehicles based on the lithium flow character of critical stages of fusion reactor and electric vehicles, and the logistic growth prediction model of the primary energy for the World and China. Based on these models, this paper analyzed and concluded that the electric vehicles would not impede provision of 6 Li for the fusion program, and found that the lithium requirement of the World and China in future refers to the gross lithium requirement of fusion plant. Using FDS-II and PPCS-B, preliminary evaluation was presented for lithium resources adequacy in the World and China for D-T fusion reactors. Results show that: a. The world terrestrial reserves of lithium are too limited to support a significant D-T power program, but the lithium reserves of China are relatively abundant, compared with the world case. b. The lithium resources contained in the oceans could be called the "permanent" energy. c. Change in the enrichment of 6 Li has no obvious effect on the availability period if FDS-II type of reactors is used, but it would have a stronger effect if PPCS-B is used.
